The purpose of this study was to perform a meta-analysis comparing the effectiveness of influenza vaccination alone versus influenza plus pneumococcal dual vaccination for the prevention of pneumonia and mortality in adults 65 years of age. Medline, Cochrane, CENTRAL, EMBASE, and Google Scholar databases were searched. Inclusion criteria were: 1) Randomized controlled trials (RCTs), 2-arm prospective studies, or retrospective cohort studies; 2) Patients were 65 years of age with or without chronic respiratory disease; 3) Patients received the influenza vaccine alone or dual pneumococcal and influenza vaccination; 4) Results included incidence of recurrent respiratory tract infections, length of hospital stay, and overall mortality rate. The outcomes were pneumonia and all-cause mortality rates. Of 142 studies identified in the database searches, 6 were ultimately included in the systematic review, and 5 were included in meta-analysis. The number of patients that received the influenza vaccination alone ranged from 211 to 29,346 (total D 53,107), and the number that received influenzaCpneumococcal vaccination ranged from 246 to 72,107 (total D 102,068). InfluenzaCpneumococcal vaccination was associated with a significantly lower pneumonia rate than influenza vaccination alone (relative risk In conclusion, the results of this study support concomitant pneumococcal and influenza vaccination of the elderly as a dual vaccination strategy is associated with lower pneumonia and all-cause mortality rates.
Introduction
Annual vaccination against influenza is recommended for the elderly by the World Health Organization. However, increasing evidence suggests that available influenza vaccines are less effective in the elderly compared to younger adults. 1 Vaccine effectiveness estimates vary between 20-80%, depending on the study, the population, vaccine strains match, and the outcome measured. 1 For individuals 60 years of age and older living in the community, influenza vaccination has been shown to be effective against hospitalization from influenza and/or pneumonia and all-cause mortality, but not effective against influenza and influenza-like disease or pneumonia. 2, 3 A major cause of death in influenza pandemics is secondary bacterial infections, especially those due to Streptococcus pneumonia, and some of these infections can be prevented with pneumococcal vaccination. 4, 5 The 23-valent pneumococcal polysaccharide vaccine (PPV23) has been approved and licensed in the United States (US) since 1983, and is currently recommended for all adults aged 65 years. 6 A vaccine effectiveness rate of 45% against community-acquired pneumococcal pneumonia has been shown in the elderly (mean age, 74.5 years) who received PPV23 within the prior 5 years. 7 Furthermore, a systematic review concluded that PPV23 vaccination of individuals more than 65 years of age can be cost-effective for the prevention of invasive pneumococcal disease. 8 The second vaccine, the 13-valent pneumococcal conjugate vaccine (PCV13), which has been used among children since 2010, was approved by FDA in December 2011 for use in those aged 50 years. 9 A randomized placebo-controlled trial (CAPiTA trial) was conducted in the Netherlands, and verified the clinical benefit of PCV13 in the prevention of vaccine-type community-acquired pneumonia (46%), nonbacteremic/noninvasive pneumococcal pneumonia (45%), and invasive pneumococcal disease (75%) among adults aged 65 years. 10, 11 The report of CAPiTA trial was presented to the US Advisory Committee on Immunization Practices (ACIP) in June 2014, which subsequently recommended sequential PCV13 and PPV23 vaccination in August, 2014 for adults 65 years of age. 12 Because of the overall decline in the incidence of PCV13 serotype disease following the introduction of PCV13 vaccination of children in 2010, the cost effectiveness of PPV23 vaccination in older adults will inevitably decrease. 13 However, analyses conducted taking into consideration the indirect effects of pediatric programs have shown that adult age-and risk-based recommendations for PCV13 are still expected to be cost effective. 14 Since the effectiveness of pneumococcal vaccination had been well-documented, the protective effect of dual influenza and pneumococcal vaccination has been investigated by many research groups. Study has suggested that the concomitant administration of PPV23 and influenza vaccine may have a greater protective effect against pneumonia and influenza in the elderly than the administration of either vaccination alone. [15] [16] [17] [18] [19] Vaccination with both vaccines has been shown to reduce the risk of hospitalization more than if only one or the other was administered. 18, 20 Pneumococcal vaccination has also been shown to reduce specific-and all-cause mortality in individuals more than 60 years of age who have received influenza vaccination. 21 A 2012 review by Gilchrist et al. 16 reported that 8 of 9 clinical studies identified found that concomitant influenza and pneumococcal vaccination conferred clinical benefits.
However, whether pneumococcal vaccination should be administered to the elderly as a supplement to influenza vaccination is still debatable. A previous systematic review, which included articles published between 1966-2002, concluded that there is insufficient evidence demonstrating a benefit of pneumococcal vaccination as a supplement to influenza vaccination in the elderly. 22 A prior study also found that the pneumococcal polysaccharide vaccine did not provide additional protection from pneumonia in the elderly, although it did reduce the incidence of bacteremia. 23 Furthermore, while an additive effect of dual pneumococcal and influenza vaccination on infectious acute exacerbations was seen in the first year after vaccination, the effect did not persist into the second year and was only significant in patients with chronic respiratory diseases such as chronic obstructive pulmonary disease (COPD). 24 There was large variation between studies published from 1966 to 2002 with respect to measures including the valency of the vaccines, outcome measures, and duration of follow-up. 22 In addition, several additional studies regarding influenza plus pneumococcal dual vaccination have been published since 2002. Because the studies published after 2002 still exhibited heterogeneity with respect to study design (either clinical trials or observational studies), definition of vaccination status, and vaccine status ascertainment, an updated meta-analysis was performed to address this important issue in public health. We specifically compared the effectiveness of influenza vaccination alone vs. influenza plus pneumococcal dual vaccination for the prevention of pneumonia and mortality in adults 65 years of age.
Results

Literature search
A flow diagram of study selection is shown in Figure 1 . Of 142 studies identified in the database searches, 110 were excluded because they did not provide pneumonia incidence or mortality data. Of the remaining 32 articles, 12 were excluded as they did not include adults 65 years of age (n D 6) or they did not examine dual vaccination (n D 6). The full texts of the remaining 20 articles were then examined, and 14 were excluded (Fig. 1) . Thus, 6 studies, 23, [25] [26] [27] [28] [29] were included in the systematic review, including 1 randomized controlled trial (RCT), 3 prospective studies, and 2 retrospective studies. The characteristics of the 6 studies are summarized in Table 1 , and outcomes are summarized in Table 2 . The number of patients that received the influenza vaccination alone ranged from 211 to 29, 346 (total D 53,107), and the number that received an influenzaCpneumococcal vaccination ranged from 246 to 72,107 (total D 102,068).
Pneumonia rate
Four studies [26] [27] [28] [29] provided complete data regarding the incidence of pneumonia between patients that received the influenza vaccination alone and those that received influenzaCpneumococcal vaccination. The study by Honkanen et al. 23 was excluded from the meta-analysis since the definition of relative risk (RR) in this report was irrelevant to either the odds ratio (OR) or hazard ratio (HR). In that study, RR was calculated based on the ratio between outcome rates per 1000 person years of the influenzaCpneumococcal group and the influenza alone group. 23 There was no evidence of heterogeneity among the 4 included studies (Q statistic D 1.012, I
2 D 0%, P D 0.798); thus, a fixed-effects model of analysis was used. The analysis indicated that influenzaCpneumococcal vaccination was associated with a significantly lower pneumonia rate than influenza vaccination alone (RR D 0.738, 95% confidence interval [CI]: 0.618-0.883, P D 0.001) (Fig. 2 ).
All-cause mortality
Four studies 23, 26, 28, 29 provided complete data regarding the allcause mortality rate between patients that received influenza vaccination alone and those that received influenzaCpneumococcal vaccination. There was no evidence of heterogeneity among the 4 studies (Q statistic D 3.245, I 2 D 7.55%, P D 0.355); thus, a fixed-effects model of analysis was used. The analysis indicated that influenzaCpneumococcal vaccination was associated with a significantly lower all-cause mortality rate than influenza vaccination alone (RR D 0.738, 95% CI:
Sensitivity analysis
Sensitivity analyses revealed that the direction and magnitude of the combined estimates did not change markedly with the exclusion of individual studies (Fig. 3 ). This indicates that the reliability of the meta-analysis was good.
Quality assessment
Study quality was assessed according to The NewcastleOttawa Scale coding manual for cohort studies, with scores ranging from 0-10 and higher scores indicating better quality. 30 Two of the studies achieved scores of 7, and 4 studies achieved scores of 8, indicating that the overall quality of the studies was good.
Discussion
The results of this meta-analysis support the concomitant vaccination elderly persons with influenza and pneumococcal vaccines. Dual vaccination was associated with a lower incidence of pneumonia and a lower all-cause mortality rate in this group of patients. The additive benefits of influenza and pneumococcal vaccination during influenza season among elderly persons with chronic lung disease had been reported by Nichol in 1999. 17 She showed that influenza vaccination alone resulted in a 52% reduction in hospitalization for pneumonia and 70% reduction in death, and PPV23 vaccination alone reduce the rate of hospitalization for pneumonia and mortality by 27% and 34%, respectively. However, when both vaccines were given concomitantly, the reductions in the pneumonia hospitalization and death rates were greater than when either vaccine was given alone (63% and 81%, respectively). Several large-scale studies also support a dual vaccination strategy. A multicenter case-controlled study in 36 Spanish hospitals conducted during the 2009-2010 pandemic and 2010-2011 influenza epidemic assessed the effectiveness of the pneumococcal polysaccharide vaccine alone and in combination with influenza vaccination for preventing influenza hospitalization. 20 The adjusted effectiveness of dual PPV23 and influenza vaccination was 81% in all patients and 76% in patients 65 years old, while the adjusted effectiveness of influenza vaccination alone was only 58%. A study of Chinese older adults in a nursing home showed that dual influenza and pneumococcal vaccination was more effective than the influenza vaccination alone in reducing all-cause mortality, mortality attributable to pneumonia, and mortality attributable to vascular causes. 25 However, the correlation between clinical efficacy and immune response induced by dual vaccination in the elderly is still debatable. Grille et al. 19 studied antibody response in elderly individuals who received influenza and pneumococcal vaccines administered alone or in combination. No differences in the percentage of protected individuals or the percentage of subjects who seroconverted No mean age was reported, and the population was stratified by age. Table 2 . Outcomes of studies included in the meta-analysis.
All-cause pneumonia The incidence of all-cause pneumonia were converted to per person years for all studies.
c A0 RR > 1 indicates that influenza C pneumococcal vaccination is associated with a higher pneumonia or all-cause mortality rate than influenza vaccination alone, whereas an RR < 1 indicates that dual vaccination is associated with a lower pneumonia or all-cause mortality rate than influenza vaccination alone. A RR D 1 indicates the rates are similar between the 2 treatment groups.
d
The definition of RR in Honkanen et al. 19 was irrelevant to either OR or HR. The RR in this study was calculated based on the ratio between outcome rates per 1,000 person-years of the influenzaCpneumococcal group and the influenza alone group.
were observed between those that received the influenza vaccine alone and those that received influenza and pneumococcal vaccines. Simultaneous immunization with pneumococcal and influenza vaccines has not been associated with an increased rate of adverse reactions (e.g. fever, headache, pain, local swelling) compared with administration of pneumococcal vaccine alone. 31 Similarly, Socan et al. 32 reported that simultaneous immunization with pneumococcal and influenza Figure 2 . Forest plots comparing the pneumonia and all-cause mortality rates between patients that that received the influenza vaccination (FV) alone and those that received an influenza plus pneumococcal vaccination (PV). Abbreviations: RR, relative risk; CI, confidence interval; Lower limit, lower boundary of the 95% CI; Upper limit, upper boundary of the 95% CI. Figure 3 . Sensitivity analysis using the leave-one-out approach of the pneumonia and all-cause mortality rates between patients that that received the influenza vaccination (FV) alone and those that received an influenza plus pneumococcal vaccination (PV). Abbreviations: RR, relative risk; CI, confidence interval; Lower limit, lower boundary of the 95% CI; Upper limit, upper boundary of the 95% CI.
vaccines was not associated with an increased rate of complaints compared with administration of pneumococcal vaccine alone.
Two adult vaccines to prevent pneumococcal disease have been approved in the US since 1983. PPV23 is currently recommended for all adults aged 65 years. The second vaccine, PCV13, was approved by the US FDA in December 2011 for use in those aged 50 years. 9 However, the Centers for Disease Control (CDC) in the US has not made recommendations for PCV13 use in adults that do not have immunocompromising conditions, owing to a number of scientific and public health uncertainties. A randomized placebo-controlled trial (CAPiTA trial) conducted in the Netherlands verified the clinical benefit of PCV13 in the prevention of vaccine-type communityacquired pneumonia (46%), nonbacteremic/noninvasive pneumococcal pneumonia (45%), and invasive pneumococcal disease (75%) among adults aged 65 years. 11 The report of CAPiTA trial was presented to the US Advisory Committee on Immunization Practices (ACIP) in June 2014, which subsequently recommended sequential PCV13 and 23-valent pneumococcal polysaccharide vaccination for adults 65 years in August, 2014. 10, 12 Several RCTs conducted in the US and Europe among older adults showed that PCV13 induced an immune response as good as or better than that induced by PPSV23, and that both have similar safety profiles. 33, 34 While study has demonstrated that pneumococcal vaccination is cost-effective in adults and the elderly, 8 few studies have compared the cost effectiveness of influenza plus pneumococcal vaccination with influenza vaccination alone. Cia et al. 35 studied dual vaccination in elderly persons in Japan, and found that for every 100,000 people over 65 years of age the cost effectiveness ratio of influenza only vaccination was 516,332 Japanese yen (approximate 4,800 USD) per 1 year of life saved while for combined influenza and pneumococcal vaccination the ratio was 459,874 Japanese yen (approximate 4,300 USD) for the same benefit. In a similar study of the elderly living in longterm care facilities in Hong Kong, You et al. 36 showed that combined influenza and pneumococcal vaccination was more likely to result in higher quality-adjusted life years and lower total cost than influenza vaccination alone. Herd immunity (indirect effects) is a form of indirect protection from infectious disease that occurs when a large percentage of a population has become immune to an infection, thereby providing a measure of protection for individuals who are not immune. 37 Earlier studies before pneumococcal conjugate vaccine (PCV) vaccination of children showed that PPV23 vaccination was cost effective when administered with influenza vaccine. 38 After PCV7 and PCV13 vaccinations of children were performed, it resulted in a similar decrease in PCV7 and PCV13 serotype invasive pneumococcal disease in older individuals due to herd immunity. Because of the overall decline in the incidence of PCV13 serotype disease, the cost effectiveness of PPV23 vaccination in older adults will inevitably decrease. 39 In fact, in European countries, pneumococcal vaccination to prevent invasive pneumococcal disease in elderly adults has been very cost effective. 40 A number of studies that suggested dual vaccination is more protective than vaccination with only one vaccine were not included in the analysis. [15] [16] [17] [18] [19] [20] In 2 studies 15,17 there was no comparison data for influenzaCpneumococcal and influenza alone, 1 study was a systematic review, 16 2 studies did not report any outcomes of interest, 18, 19 and 1 study was not designed for to evaluate the elderly population. 20 The systematic review by Gilchrist et al., 16 which did not include a meta-analysis, included a total of 9 studies: 2 were RCTs and the remainder were observational studies. Of the 7 observational studies, 4 were cohort studies in the elderly, 2 were cohort studies in the elderly with chronic illness, and 1 was a cohort study in HIV-infected participants. Although we also included RCTs, 2-arm prospective studies, and retrospective cohort studies, a meta-analysis was conducted rather than only a systematic review. In addition, we only included studies designed to examine influenza vaccination alone versus dual pneumococcalCinfluenza vaccination and outcomes included the incidence of pneumonia, length of hospital stay, and overall mortality rate.
The primary limitation of the current analysis is the limited number of studies. While this is in part a result of the inclusion and exclusion criteria, it also reflects the limited number of studies examining this topic, especially studies designed for comparison between concomitant pneumococcal and influenza vaccination (dual vaccination) vs. influenza vaccination alone (single vaccination). The included studies also differed in design, i.e., 1 RCT, prospective and retrospective studies. Heterogeneity in the definition of vaccine status and ascertainment (summarized in Table 2 ) is another limitation of study. In addition, the models used to estimate the risk of pneumonia and mortality were diverse among the studies. Because OR and HR were used inconsistently in the various analyses, the term "risk" may refer to OR or HR. 41 Previous meta-analyses in the literature also considered HR and OR as RR. 42, 43 Another potential limitation of this study is that it cannot account for the 'healthy user' effect in the individual studies, since elderly usually suffer from various chronic diseases. The number of person-years included in each influenzaCpneumococcal group is important. Fedson et al. 39 has argued that none of the meta-analyses of this topic have included an adequate number of person-years of observation to rule out false negative results. We realize that the length of follow-up is diverse among the included studies, and ranged from 4 months 26 to 24 months. 27 Although the incidence rate of pneumonia has been converted to per person year from original data for each study (Table 2) , we cannot rule out false negative results due to the nature of a meta-analysis. There is a similar problem with the analysis of mortality rate, and this is also considered a limitation of the study.
In conclusion, the results of this study support concomitant pneumococcal and influenza vaccination of the elderly. A dual vaccination strategy is associated with lower pneumonia and mortality rates. Sequential PCV13 and PPV23 vaccination for adults 65 years has been recommended by ACIP of US FDA. Though the findings of this study are promising, the value of concomitant pneumococcal and influenza vaccination of the elderly needs to be confirmed by large scale clinical trials.
Material and methods
Literature search strategy
This study was conducted in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 44 Medline, Cochrane, CENTRAL, EMBASE, and Google Scholar databases were searched through June 30, 2015 using combinations of the keywords: pneumococcal, influenza, pneumococcal, pneumonia, vaccination, vaccine, immunization, effectiveness, mortality, elderly, old adults. Reference lists from relevant studies were also examined to identify relevant studies. The searches were limited to English language articles. Searches were conducted by 2 independent reviewers, and a third was consulted for resolution of any disagreements.
Study selection criteria
Inclusion criteria were: 1) Randomized controlled trials (RCTs), 2-arm prospective studies, or retrospective cohort studies; 2) Patients were 65 years of age with or without chronic respiratory disease; 3) Patients received the influenza vaccine alone or dual pneumococcal and influenza vaccination; 4) Results included incidence of pneumonia (ICD-9-CM: 480-486 or ICD-10-CM: J12-18), length of hospital stay, and overall mortality rate. Letters, comments, editorials, and case reports were excluded. In addition, studies not designed to compare influenza plus pneumococcal dual vaccination vs. influenza vaccination alone, and those designed to examine cost effectiveness were excluded.
Quality assessment
The Newcastle-Ottawa Scale was used for assessing the quality of nonrandomized studies in meta-analysis. 30 Briefly, the instrument scores the following categories: (i) random sequence generation; (ii) allocation concealment; (iii) blinding of patients, personnel, and assessor; (iv) adequate assessment of each outcome; (v) avoidance of a selective outcome report; and (vi) presence or absence of an intention-to-treat analysis. The maximum possible score is 10, with higher scores indicating higher quality. Scoring was performed by 2 independent reviewers, and a third reviewer was consulted for resolution of any disagreements.
Data extraction
The following data was extracted from studies that met the inclusion criteria: first author's name, publication year, study design and period, patient demographic data (e.g., age, gender), comorbidities (e.g., COPD, asthma, respiratory infectious diseases), adjusted odd ratio (aOR) and/or adjusted hazard ratio (aHR) and risk ratio relating to the incidence of recurrent respiratory tract infections (e.g., pneumococcal pneumonia, overall pneumonia rate), length of hospital stay, and all-cause mortality rate.
Endpoints and data analysis
The outcomes of the meta-analysis were incidence of pneumonia and all-cause mortality rate for patients that received the influenza vaccination alone as compared to those that received influenza plus pneumococcal dual vaccination. The combined effect RR, including aHR and aOR with corresponding 95% confidence interval (CIs) for the 2 events were calculated for the 2 groups of patients. Definitions of vaccination status and vaccine status ascertainment were based on the Protocol for case-control studies of influenza vaccine effectiveness in the European Union and European Economic Area Member States. 45 Statistical significance was indicated by a 2-sided P value < 0.05. The Cochran's Q and I 2 statistics were used to examine homogeneity of the included articles. The percentage of the total variability in effect estimates among trials due to heterogeneity rather than chance is indicated by the value of the I 2 statistic. Random-effects models of analysis were used if heterogeneity was detected (Cochran Q P < 0.10 or I 2 > 50%). Otherwise, fixed-effects models were used. Sensitivity analysis was performed using the leaveone-out approach. If there were < 10 studies, publication bias analysis was not assessed because 10 studies are needed to detect funnel plot asymmetry. 46 All analyses were performed using Comprehensive Meta-Analysis statistical software, version 2.0 (Biostat, Englewood, NJ). The Indirect Treatment Comparison (ITC) computer program, version 1.0 was applied to transfer the data from indirect comparison to direct comparisons. 47 
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